During the centrifugal continuous casting process, unreasonable casting parameters can cause violent level fluctuation, serious gas entrainment, and formation of frozen shell pieces at the meniscus. Thus, in the current study, a three-dimensional multiphase turbulent model was established to study the transport phenomena during centrifugal continuous casting process. The effects of nozzle position, casting and rotational speed on the flow pattern, centrifugal force acting on the molten steel, level fluctuation, gas entrainment, shear stress on mold wall, and motion of inclusions during centrifugal continuous casting process were investigated. Volume of Fluid model was used to simulate the molten steel-air two-phase. The level fluctuation and the gas entrainment during casting were calculated by user-developed subroutines. The trajectory of inclusions in the rotating system was calculated using the Lagrangian approach. The results show that during centrifugal continuous casting, a large amount of gas was entrained into the molten steel, and broken into bubbles of various sizes. The greater the distance to the mold wall, the smaller the centrifugal force. Rotation speed had the most important influence on the centrifugal force distribution at the side region. Angular moving angle of the nozzle with 8°and keeping the rotation speed with 60 revolutions per minute can somehow stabilize the level fluctuation. The increase of angular angle of nozzle from 8 to 18 deg and rotation speed from 40 to 80 revolutions per minute favored to decrease the total volume of entrained bubbles, while the increase of distance of nozzle moving left and casting speed had reverse effects. The trajectories of inclusions in the mold were irregular, and then rotated along the strand length. After penetrating a certain distance, the inclusions gradually moved to the center of billet and gathered there. More work, such as the heat transfer, the solidification, and the inclusions entrapment during centrifugal continuous casting, will be performed.
I. INTRODUCTION
CENTRIFUGAL continuous casting (CCC) is an industrial steel casting process during which molten steel is injected into a round mold. During the pouring stage, the entire system is rotated along its axis at a certain rotational speed. The molten steel flows down into the mold through a no-straight nozzle, and once touching the side wall of mold, the molten steel rotates and moves towards the inner surface of the copper mold due to the centrifugal force stemming from the spinning mold. The solidifying shell grows as the steel is continuously withdrawn from the bottom of the mold. In the secondary cooling region, the back-up rolls around the round billet also spin in order to rotate the billet at the same rotation speed to that of the copper mold.
There are very few reported studies on steel centrifugal continuous casting. However, the centrifugal ingot or pipe casing technology using horizontal or vertical devices has been developed for several decades and applied for the production of steel pipes. [1] [2] [3] [4] In 1957, the horizontal centrifugal casting was used to produce 50-mm pipes. [1] Due to the fact that the technique has not yet been optimized in the early days, the rejection ratio of cast pipes at several plants all exceeded permissible standards. In 1958, pipes with 200 to 600 mm diameter were cast by centrifugal casting which had both vertical and horizontal forms. [2] It was reported that the wear resistance of a high-strength cast iron with centrifugal casting averaged 220 pct higher than that by stationary ingot casting. [3] Characteristics of the centrifugal casting include the following: -Relatively less defects than traditional stationary casting; -More non-metallic inclusions toward the bore so that they can be machined off; -Better mechanical properties; -Higher production rate; and -Possible to be used to functionally fabricate gradient metal matrix composite materials.
The concept of producing castings in a rotating mold under a continuous operation can date back to 1904 and can be found in several patents. [5] [6] [7] It was designed to cast pipes. During pouring, the finished casted pipes were pulled out without stopping the rotation of the mold. For CCC system, the fluid flow plays an important role as the high-speed discharging flow has a great influence on gas entrainment, motion of inclusions, [8, 9] shell formation, and the lifetime of copper mold. It is difficult to watch or measure the fluid flow velocity and multiphase phenomena in continuous casting strands because of the opaque nature of the melt and the mold. Therefore, in order to understand the steel CCC process of round billets, mathematical modeling of the fluid flow phenomena is a feasible choice. Many turbulent models and multiphase models have been used for the fluid flow in gas-stirred steel refining processes [10] [11] [12] and steel continuous casting processes, [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] as summarized in Table I . However, so far very few investigations on CCC process were reported.
The multiphase model of VOF is an eulerian method that uses a volume fraction to determine the location of the interfaces of different phases in all cells of a computational domain, and it has been widely used to track free surface. [14, [23] [24] [25] [26] [27] Hugo [28] employed RSM turbulence model and VOF multiphase model to study the effect of the internal SEN design on the flow pattern in a funnel thin slab caster and concluded that the jets oscillation had its origin from the inside of the SEN. Mirandal [25] chose k-e turbulence model and VOF model to study the flow pattern prevailing at the steel-slag interface in a water model of a slab continuous casting mold, and obtained a good agreement between simulated and experimented data. Wang and Zhang [21] employed this algorithm to simulate the interface evolution between the molten steel and air during cast start of steel continuous casting process. Tan [18] used this method to simulate the shape of free surface in a continuous casting mold and analyzed the mechanism of the surface oscillation. During steel continuous casting process, the entrainment of non-metallic inclusions is also an important phenomenon. Poor control of flow can cause inclusions to be captured in the final steel product. [29] Due to their low volume fraction of inclusions in molten steel, the trajectory of inclusions was often calculated by Lagrangian approach. [30] [31] [32] [33] During the current CCC process, no flux is used at the mold, instead, liquid oil poured during CCC to lubricate the shell and mold copper plate. Nitrogen gas is purged on the top surface of the mold to isolate air from the molten steel. Since the molten steel at the meniscus touches the gas with low temperature, small pieces of frozen shell are formed on the meniscus and the frozen shell combines with the lining materials from the nozzle at sometimes, as shown in Figure 1 . The shell piece needs to be manually taken away with a steel rod. Improper arrangement of nozzle may wash severely the solidifying front, high casting and rotational speed can result in violent level fluctuation, serious gas entrainment and entrainment of the frozen shell pieces mentioned above.
In the current study, the multiphase fluid flow and motion of inclusions during steel CCC process were studied. The effects of nozzle position, rotation speed of the mold, and casting speed on the transport phenomena were discussed. To fully study the complicated phenomena during steel CCC process, the current article focused on the turbulent flow as the first part of systematic scientific studies, followed by the detection of non-metallic inclusion during industrial trials of CCC process and the model of heat transfer and solidification and the prediction of final locations of inclusions in the billet, which are reported in another two papers by the current authors. [34, 35] 
II. MATHEMATICAL FORMULATION
A. CCC Process and Mesh Used in the Simulation Figure 2 shows the schematic of CCC process. Unlike the conventional submerged entry nozzle (SEN), the nozzle used for CCC process has a curved shape and 22 mm circular outlet, and is placed above the mold. This arrangement of the outlet does not directly face the meniscus but contributes to the rotation of jet flow entering the mold instead. During casting, the atmosphere between mold and tundish is shrouded by an inert gas in order to avoid re-oxidation. A special oil is also added to the top surface of the mold to provide thermal and chemical insulation for the steel. The liquid oil is entrained into the gap between the shell and mold by the downward motion of the steel shell, where it encourages a uniform heat transfer and helps lubricate and prevent sticking of the solidifying shell to the mold.
Structured grids were employed for the mesh system of mold and nozzle, as shown in Figure 3 . The height of domain in the current simulation was 16 m including the nozzle, air region, mold and secondary cooling sections. The total number of grid was 700,000. As VOF method requires a fine mesh to achieve the accuracy for free surface movement that is needed for predicting level fluctuations, [36] in the current study, to save computation time and obtain level fluctuation, the spacing of adjacent meshes was set to increase gradually along the casting direction.
In addition, four planes at 1, 6, 11, and 15 m below meniscus were picked up to investigate the location of inclusions on the cross sections, as given in Figure 4 .
B. Governing Equations
For the VOF model, [14] a single set of momentum equations is shared by two fluids, the molten steel and the air phase in the current study. The volume fraction of the fluids is tracked throughout the domain. The tracking of the interface is accomplished by the solution of a continuity equation for the volume fraction of both phases:
where a q is the volume fraction of phase ''q'' (percent). A single momentum equation is solved throughout the domain as follows: 
where l eff is the effective dynamic viscosity of the continuous phase (Pa s). The resulting field is shared among the phases. Thus, the momentum-transfer equation is dependent on the volume fraction of the twophase flow through the averaged properties of density and viscosity of the mixture that are given by
where q is the mixed phase density (kg/m 3 ), l is the mixed phase viscosity (Pa s), a l and a g are volume fraction of the molten steel and air phase (percent), respectively. A constraint of the system implies that the sum of the volume fractions of both phases in the shared cells should be equal to 1, namely:
In the current study, the standard k-e turbulence model was chosen for the liquid phase, which requires the solution of two additional transport equations to find the turbulent kinetic energy, k, and the turbulent dissipation rate, e. 
The turbulent viscosity is given by [37, 38] 
C 1 , C 2 , C l , r k , and r e are empirical constants, respectively, and reported in the literatures. [16, [39] [40] [41] The combination of VOF model and standard k-e model to predict the interface of two phases and the flow field in continuous casting mold has been validated with water model by current author, and indicated a well agreement between the measurement and the calculation. [21] The trajectories of inclusions were calculated using Lagrangian approach which treats inclusion particles as a discrete phase, [42] by considering the force balance acting on them. [43] du pi dt ¼ 18l
½9 where u Pi is particle velocity at direction i (m/s), t is time (s), C D is a dimensionless drag coefficient, Re P is a particle Reynolds number, d P is particle diameter (m), q P is inclusion density (kg/m 3 ). The first term here is the drag force per unit of particle mass, the second term is gravitational force, the third term is the virtual mass force accelerating the fluid surrounding the particle, and the fourth term is the force stemming from the pressure gradient in the fluid. To incorporate the centrifugal force (F C ) acting on particles due to the rotation of mold, a user-defined subroutine was developed. Since the current study ignored the interaction between the advancing solidified steel and the non-metallic inclusion particles, the capillary force was not considered. To incorporate the ''stochastic'' effect of turbulent fluctuations on the motion of inclusions, the ''random walk'' model was used, [44] in which the fluid flow velocity was the sum of the local mean fluid velocity and the random fluctuation velocity. The random fluctuation velocity was based on a Gaussian-distributed random number chosen according to the local turbulence kinetic energy. The variation of random number produced a new instantaneous fluctuation velocity at a frequency equal to the characteristic lifetime of the eddy. In the current study, only the effect of fluid flow on the motion of inclusions was investigated. To further study the motion and entrapment of inclusions during CCC process, the effects of heat transfer and solidification will be discussed in another study. [35] C. Boundary Conditions
Nozzle inlet: a constant velocity was imposed as the nozzle inlet condition. The velocity was calculated according to the casting speed, the billet size and the cross area of the inlet.
Top surface of air region: a pressure outlet condition as zero pascal gauge pressure was used.
Exit of calculation domain: the fixed velocity was employed at the domain exit which was 15.89 m below the meniscus, corresponding to the casting speed.
Rotation behavior: The rotation of the centrifugal system was achieved through the wall rotation of the mold and the secondary cooling zone, i.e., the wall of mold and secondary cooling zone were set as moving wall with a fixed rotation speed and a no-slip shear condition.
D. Solution Method
In the current study, the surface tension effect between the air and molten steel was taken into account using continuous surface force (CSF) model, [45, 46] which interpreted the surface tension as a continuous, threedimensional effect across an interface, rather than as a boundary value condition on the interface. The discretized equations were solved for velocity and pressure by the pressure-implicit with splitting of operators scheme [47] which is highly recommended for all transient flow calculation. Due to the difficulty in convergence and time-consuming of the two-phase modeling, the non-iterative time-advancement (NITA) scheme was employed which preserved overall temporal accuracy. The NITA scheme does not need the outer iterations, performing only a single outer iteration per time-step, which significantly speeds up the transient simulation. However, the NITA scheme still allows for an inner iteration to solve the individual set of equations. For the current simulations, the time step was set to 0.0001 seconds at the start and was increased to 0.001 seconds after the fluid flow was fully developed after twenty seconds. 
E. Parameters
In the current study, the effects of nozzle position, casting and rotational speed were investigated to study the relevant transport phenomena, such as flow pattern, centrifugal force, level fluctuation, gas entrainment, shear stress on mold wall and motion of inclusions. For the nozzle position, three horizontal moving positions l (horizontal distance from the center of round mold to the center of the nozzle inlet), 100 mm to left, 110 mm to left and 120 mm to left, and three clockwise angular moving positions of the nozzle h, i.e., 8, 13, and 18 deg, were investigated, as shown in Figure 5 . Table II . Inclusions were assumed to be spherical with constant diameters and collision, growth and break-up of inclusions were neglected. A constant density of 5000 kg/m 3 for inclusions was assumed. [48] To obtain significant statistics, five thousand inclusions with the same size were injected into the mold at each time step through the inlet of nozzle after the calculation of fluid flow reached steady state, and the effect of inclusions on fluid flow was ignored. Particles were assumed to escape from the domain exit and reflected at the wall of mold and secondary cooling zone. The entrapment of inclusions to the solidified shell will be reported in another paper submitted by the current author. The spatial coordinates of inclusions were exported once inclusions passed through the four cross sections described in Figure 3 . In the current work, the presence of oil added to the top surface was ignored and air was assumed above the molten steel.
F. User-Developed Subroutines
To achieve quantitative results of gas entrainment and level fluctuation of the free surface under different casting conditions, several user-developed subroutines, simplified as UDFs, were developed, combining the calculation using the commercial software Fluent. [47] Models and UDFs used in this simulation are shown in Figure 6 .
The volume of gas below the top surface of molten steel was regarded as the gas entrainment, calculated by the following equation:
where V g is the volume of gas entrained into the bulk (m 3 ), f g,l is the volume fraction of gas entrained (percent) and V cell is the volume of cell where air-phase stays (m 3 ). In order to track the fluctuation of the free surface, 1000 balls were uniformly placed on the top surface of the molten steel. The particle is 2 mm diameter and 200 kg/m 3 density. The density was determined considering the value was far larger than that of air phase (1.225 kg/m 3 ) and far smaller than that of liquid steel (7020 kg/m 3 ). So that particles always stayed at the meniscus or nearby. In addition, a user subroutine was developed to prevent the horizontal motion of inclusions, and only vertical motion of inclusions was allowed. At each time step, the locations of these balls were saved and exported to a file. The level profile was then achieved by post-processing the locations of balls with time by subtracting the original vertical coordinate of the free surface.
To evaluate the centrifugal effect under different casting conditions, the centrifugal force along the diameter at the cross section 15 m below the free surface was calculated. The centrifugal forces are created by the circumferential motion. The linear velocity of a point on a rotating rigid object at a distance from the axis of rotation represents the tangential velocity of that point. For the rotation around a fixed point, the path of any point on a revolving body is a circle, and its linear velocity at any moment is always tangent to that circle. Therefore, the centrifugal force per unit volume can be defined as follows:
where F C is the centrifugal force per unit volume (N/m 3 ); q is the density of the mixture (kg/m 3 ); v is the tangential velocity (m/s); and r is the radius from center to the point (m).
III. MULTIPHASE FLUID FLOW DURING CCC
A. Flow Pattern Figures 7, 8, and 9 show the three-dimensional interface (0.5 iso-surface of gas fraction) between the molten steel and air phase, the velocity vector, k and e at the interface under different conditions, respectively. To show the velocity vector more clearly, the inlet jet which flow speed was larger than 2.2 m/s was blanked. The molten steel jet penetrated the meniscus and impinged on the mold wall and flowed downward. Under the rotation of CCC system, the flow on meniscus rotated around. At the same casting speed, the increase of rotation speed from 40 to 80 rpm caused little variation of gas entrainment (Figures 7(a) and (b) ). Increasing casting speed from 1.27 to 2.54 m/min induced more air entrainment into the strand, and a large amount of air bubble with various sizes penetrated more deeply (Figures 7(a) and (c) ). The jet with higher energy impinged the meniscus seriously, causing meniscus fluctuation so that more air entrainment occurred.
As k and e were a measure of the intensity of turbulence, thus, they could be directly related to the transport of momentum. The distributions of k and e in Figures 8 and 9 determined the ability of the flow to maintain turbulence or become turbulent. During pouring, larger k and e of fluid flow mainly distributed on the impingement area of inlet jet and the surface of entrained gas. The increase of rotation speed has little influence on the flow stability on meniscus, while after increasing the casting speed twice, the obviously increased magnitude of k and e indicated that the fluid flow on meniscus became unstable.
Several typical streamlines inside the strand are shown in Figure 10 . After the inlet jet impinged at the meniscus, swirls of various sizes were observed. The swirls inside the mold were large and complex, and the swirl at the meniscus was relatively small. As the distance below meniscus increased, the fluid flow tended to become rotational flow.
Velocity vectors in vertical section and cross section planes are given in Figure 11 . The inlet jet with high velocity impinged on the mold wall, resulting in level fluctuation at the interface of molten steel and gas. The flow inside the mold also was stirred by the flow jet. An overall rotation flow pattern was observed from the cross section planes. Due to the perturbation of the inlet jet, on the cross section 100 mm below the meniscus, the molten steel still flowed towards the mold wall. With the increasing of the distance below the meniscus, the rotation flow pattern became uniform more and more, and the location of the vortex gradually moved away from the mold wall. The flow speed along the vertical line 5 mm to the side of mold wall is compared in Figure 12 . Figure 12(a) indicates that the flow speed varied violently in the mold region, and then became stable more and more with the increase of the distance below meniscus. In addition, the higher the rotation speed is, the higher the flow speed. The increase of casting speed had a great influence on the flow within the mold region shown in Figure 12 (b), but little influence on the flow when the depth was over 1.5 m below meniscus. Figure 13 shows the calculated centrifugal force on the cross section plane 15 m below meniscus. The centrifugal force was about 2500 N/m 3 close to mold wall, larger than other places. The greater the distance to the mold wall is, the smaller the centrifugal force. And the centrifugal force near the center was below 100 N/m 3 . The calculated centrifugal forces along one diameter on the cross section plane 15 m below meniscus under different casting conditions are shown in Figure 14 . Horizontally and angularly moving the nozzle, and casting speed had little effect on the centrifugal force, the force was about 2500 N/m 3 at mold wall, and decreased sharply within 65 mm. The centrifugal force at the center was nearly zero, as shown in Figures 14(a), (b) and (d) . The rotation speed has a significant effect on the centrifugal force. Increasing the rotation speed from 40 to 80 rpm increased the maximum centrifugal force near the mold wall from 2600 to 9500 N/m 3 ( Figure 14(c) ). Practically, for horizontal centrifugal tube casting, to produce better quality hollow tubes, the mold has to be accelerated to a certain rotation speed. Only with an optimum rotation speed, can the whole of the melt in the mold be picked up and held firmly against the mold wall and result in the formation of a uniform thickness tube which subsequently solidifies. [49] However, a rotation speed below a critical value or above an excessive value may lead to poor casting quality. With a rotation speed below the critical value, the liquid fails to form a cylinder with uniform thickness. Excessive rotation speed generally leads to inadmissible strong vibrations, which may result in longitudinal cracks caused by the hoop stress in the initial solidified shell. [50] The key operation is to determine the optimum rotation speed which generates appropriate centrifugal force. For vertical CCC, the rotation speed is also a significant casting parameter. Large rotation speed will cause the molten steel to splash and may affect the formation of initial shell. Hence, the choice of rotation speed should be paid more attention considering the smooth casting and the microstructure of billet. Figure 15 shows the three-dimensional time-varying level profiles post-processed. The negative value on the legend means the local level is below the original meniscus position. The inlet jet generated a deep depression of the level after impinging on the meniscus. Due to the lift of the upward flow, the level position near the mold wall was higher than the original meniscus position. At different computational times, the level had varied profile. In the current study, the penetration depth was defined as the vertical distance from the lowest point of level profile to the original meniscus position. As shown in Figure 15 , at different times, the penetration depth was 121, 125, 130, and 123 mm, respectively.
B. Centrifugal Force

C. Level Fluctuation
The three-dimensional time-averaged level profiles of ten seconds with different angular moving distances are shown in Figure 16 . When the angular angle of nozzle Figure 17 illustrates the variation of the two-dimensional time-averaged level position of ten seconds when the nozzle moved left. The inlet jet generated a deep depression on the meniscus, over 110 mm below the meniscus. As the nozzle moved left, from 100 to 120 mm, the location of the depression moved towards the central area, and moving 110 mm left generated largest penetration depth.
During centrifugal continuous casting, the rotation speed is an important parameter due to inducing the centrifugal force for the molten steel. Figure 18 reveals that with the same nozzle position (8 deg angular angle of nozzle) and casting speed (1.27 m/min), the rotation speed had little influence on the location of impact of the jet at the meniscus (Figure 18(a) ). The penetration depth decreased slightly from 126 to 120 mm while the rotation speed increased from 40 to 60 rpm; however, 
it may result in quality problems, such as severe surface fluctuation. [17] As shown in Figure 18 (b), after increasing the casting speed twice, the penetration depth was almost doubled from 126 to 220 mm.
D. Gas Entrainment into the Molten Steel
During pouring, a large amount of gas was entrained into the molten steel, and small bubbles could coagulate into larger ones. While larger bubbles might be broken up into small ones. The growth and broke-up of bubbles near the exit of mold at different times are shown in Figure 19 .
As shown in Figure 7 , entrained bubbles can float upward and escape from the top of the mold. In actual practice, bubbles beneath the top surface of the molten steel are likely to be entrapped by the solidifying shell, eventually leading to defects such as surface slivers, blisters or internal defects in the rolled product. [43] Hence, to evaluate gas entrainment, the gas volume below the top surface, calculated by Eq. [10] , was exported at each time step during calculation. Figure 20 shows the volume of the entrained bubbles with casting time. Besides floating, bubbles were entrained into the molten steel and broken into many small ones. Hence, the variation of the volume of entrained bubbles fluctuated with time. Figure 21(a) shows that as the nozzle moved left from 100 to 120 mm, the average volume of entrained bubbles increased from 0.00039 to 0.00042 m 3 . Increasing angular moving angle of the nozzle and rotation speed resulted in a drop of the average volume of entrained bubbles, as shown in Figures 21(b) and (c). As expected, higher casting speed led to more bubbles entrained into the molten steel ( Figure 21(d) ).
E. Shear Stress on Mold Wall
During continuous casting, a large shear stress on the solidified shell may cause uneven shell growth, and even induce the breakout. Since the current study focused on the turbulent flow and ignored the solidification, the shear stress on mold wall could represent it on the shell. Figure 22 shows the distribution of shear stress on mold wall. The maximum shear stress and the area fraction with shear stress>50 MPa are summarized in Figure 23 . The maximum shear stress gradually decreased as the nozzle moved to the left in Figure 23 (a). The increase of angular moving angle of nozzle and casting speed caused an increase of shear stress on mold wall, as shown in Figures 23(b) and (d). With 60 rpm rotation speed, the shear stress on mold wall was relatively large (Figure 23(c) ).
F. Motion of Inclusions During CCC
To illustrate the centrifugal effect, the motion of inclusions in the strand was investigated. The initial locations of inclusions were uniformly distributed on the surface of nozzle inlet, and the initial velocity of inclusions was local fluid flow velocity. Five thousand inclusions of each size were released after the fluid flow reached steady state. Figure 24 shows the calculated random trajectories of inclusions with different diameters. The particles entered into the mold with the flow jet, and due to the effect of turbulent fluid on the motion of inclusions, the trajectories of inclusions in the mold region were irregular. Then under the influence of rotation flow, the inclusions also rotated along the strand length. After moving a certain distance along the casting direction, the inclusions gradually moved to the center of billet and subsequently no longer rotated. It seems that larger particles penetrated and circulated more deeply than the smaller ones.
The effect of F c in Eq. [9] on the distribution of inclusions was discussed by analyzing the number of inclusions along the diameter on the cross section plane 15 m below meniscus. The analysis area was divided into twenty-three 10 mm 9 10 mm squares, as shown in Figure 25 .
The distributions of the number of inclusions with different diameters are given in Figure 26 . On the whole, the number of inclusions gradually increased from the outer radius of the billet to the center. The addition of F c made more inclusions gather at the center, especially for 200 lm inclusions. Hence, in order to predict the trajectories more accurately, F c would be taken into account in the current study. The locations of typical small and large inclusions passing the cross section plane 1 m below the meniscus were projected to a two-dimensional figure, as shown in Figure 27 . Indicating that the distribution of inclusions was non-uniform, and many gathered near the side wall. Comparing to the fluid flow in Figure 11 , it can be seen that the locations of inclusions were mainly determined by the turbulent fluid flow and the distribution of inclusions confirmed the feature of CCC. As inclusions became large, more of them distributed close to the central area, since larger centrifugal force exerted on larger inclusions toward the center. Hence, smaller inclusions would be entrapped within the outer radius of the billet, while larger ones would be pushed to the center of the billet. Figure 28 shows the locations of 1 lm inclusions at four cross section planes along casting direction. At the cross section plane 1 m below meniscus, inclusions mainly distributed near the side. At the cross sections planes of 6 and 11 m below meniscus, most inclusions were entrapped around the center area. Since the solidification was ignored in the current study, the position of inclusions was mainly determined by the turbulent fluid flow.
The influence of casting parameters on the distribution of inclusions was represented by the index, N/N 0 , where N 0 was the maximum number of inclusions among the squares, and N was the number of inclusions at each square in Figure 25 . The index of the number of inclusions under various conditions was shown in Figure 29 . Comparing Figures 29(a) and (b) , with the increase of the angular angle of nozzle from 8 to 18 deg, the distribution of inclusions became more dispersed, as the index of the number of inclusions increased generally. Figures 29(a) and (c) indicate that more inclusions would aggregate at higher casting speed, and the inhomogeneity of inclusions across the section became more serious. The increase of rotation speed had little influence on the distribution of inclusions, except that 1 lm inclusions distributed dispersedly across the section. (Figure 29(d) ).
From the discussion above, it can be concluded that inclusions tended to accumulate in the region close to the center of the billet by the effect generated by the centrifugal force. It occurred since the molten steel itself is denser than inclusions and under the action of centrifugal force, the denser steel is pushed to the outer region, forcing the lighter inclusions to the inner region. More study considering the effect of solidification on the entrapment of inclusions will be discussed in another paper [35] about the CCC process.
IV. CONCLUSIONS
A three-dimensional multiphase turbulent model was established to study the transport phenomena during CCC process. Conclusions can be summarized as follows:
1. During pouring, a large amount of gas was entrained into the molten steel, and broken into bubbles of various sizes. And due to the rotating system, the stream within the fluid field flows around the side wall. 2. The greater the distance to the mold wall, the smaller the centrifugal force. Horizontally and angularly moving the nozzle, and casting speed had little effect on the distribution of centrifugal force, while increasing the rotation speed from 40 to 80 rpm significantly increased the maximum centrifugal force near the mold wall from 2600 to 9500 N/m 3 3. When the nozzle moved left, the location of the depression at meniscus moved towards the central area, the penetration depth did not change much, about 115 mm. Angular moving angle of the nozzle with 8 deg and keeping the rotation speed with 60 rpm could somehow stabilize the level fluctuation. 4. Due to the entrainment and break-up of bubbles, the variation of the volume of entrained bubbles fluctuated with time. The increase of angular angle of nozzle from 8 to 18 deg and rotation speed from 40 to 80 rpm favored to decrease the total volume of entrained bubbles, while the increase of distance of nozzle moving left and casting speed had reverse effects. 5. As the nozzle moved left, the maximum shear stress gradually decreased. The increase of angular moving angle of nozzle and the increase of casting speed caused an increase of shear stress on mold wall. The shear stress on mold wall was relatively large when the rotation speed was 60 rpm. 6. Under the rotating system, inclusions entering into the strand would gather near the central area of billet along casting direction. Different casting parameters had various effects on the distribution of inclusions on the cross section planes. 7. As a systematic study, the evolution of inclusions from steelmaking to CCC process, the distribution of inclusions on the cross section of steady and unsteady billets, and the simulation of solidification and inclusions entrapment during CCC will also be investigated.
